Introduction
Furthermore, differences in mu rhythm response between clinical and typical samples have been 45 used to suggest atypical MN response in conditions such as Autism Spectrum Disorder 46 (Oberman et al., 2005 (Oberman et al., , 2008 Bernier et al., 2007 Bernier et al., , 2013 , schizophrenia (Singh et al., 2011; McCormick et al., 2012; Horan et al., 2014) and addiction (Pineda and Oberman, 2006) . 48 There are, however, two important issues with the claim that mu rhythm indexes MN 49 activity. First, most studies do not provide a convincing demonstration of the specificity of mu 50 rhythm response. For the mu rhythm to be considered a valid index of MN, it should show the table. For the Whole-hand Grip trials, the hand picked up (or mimed picking up) the bottle 144 using a whole-hand grip on the body of the bottle. During Vibration On trials, the stimulator was 145 turned on, and this was visible due to the vibration of the stimulator and the yellow LED light. 146 During Vibration Off actions the stimulator was not turned on. All video clips were presented 147 without sound. Two models (one female) were recorded while executing the actions to the beats 148 of a metronome to ensure similar timing during all video clips. The models executed the actions 149 twice for a total of 32 different stimuli (8 types x 2 models x 2 executions). The video clips were 150 presented on a 17-inch monitor located at approximately 60 cm from the participant using the E-151 Prime 2.0 software (Psychology Software Tools, Sharpsburg, PA, RRID:SCR:009567).
152
Participants sat in a dimly lit room. After giving informed consent, the EEG cap and the 155 stimulator were installed and participants received verbatim instructions for the task. During the 156 experimental task, participants were asked to either observe the video clips or to execute one of 157 the six action types using the same plastic bottle as in the video clips. To ensure that the bottle 158 did not fall during the experiment it was stabilised using a square piece of cardboard fixed at its 159 base. A practice session was carried out during which each of the 6 action types was first 160 observed in a video clip and then executed by the participants using the plastic bottle. During this 161 practice session, participants experienced the vibro-tactile stimulation and observed the lighting 162 of the LED. They were explicitly instructed that the hand in the video clips wore the same 163 vibration stimulator, and that this hand received the same vibrating stimulation when the LED 164 light was turned on. The practice session was repeated if necessary to ensure that all participants 1 0
After the practice session, an occlusion box was placed over the participant's arm to 167 prevent the participant from observing his or her actions and the LED light during the 168 experiment. Movements were monitored using a webcam placed inside this box and trials with 169 incorrect action execution or with movement during observation were noted and removed from 170 the analyses. All experimental conditions were blocked within mini-blocks of ten trials during 171 which participants either executed or observed the same action type ten times. During Execution 172 blocks, participants first saw the instructions indicating which action type should be executed 173 (e.g. "Execute, Fine OR Full Grip, With OR Without the object, With OR Without vibration) for 174 5000 ms followed by ten trials consisting of an 800 ms green fixation cross, a 1000-5000 ms 175 jittered white fixation cross and a 3000 ms green circle. Participants were instructed to blink 176 during the instructions and the green fixation cross but to refrain from blinking for the rest of the 177 task. Participants were told to begin executing the action as soon as they saw the green circle and 178 to have their hand back on the table before the green circle disappeared. During Vibration On 179 trials, the vibration stimulator was turned on during the presentation of the green circle. During 180 Vibration Off trials, a second stimulator was turned on in order to produce a similar sound.
181
During Observation blocks, participants received the instruction "Please remain still and 182 watch the video clips" followed by ten trials consisting of the green and white fixation crosses 183 presented for the same duration as the Execution blocks and a video clip. The stimulator was 184 never turned on during the Observation blocks. Eight out of the 28 Observation blocks were 185 catch blocks during which one of the ten video clips was presented with a red dot in the centre. At the channel level, the classifier was trained to use the three dimensions of the data, analyses). For the ROI analyses at the channel level, the same time-frequency dimensions were 317 used, but the classifier was applied separately on two clusters of ten central channels and ten 318 occipital channels of interest. Classification accuracy in each condition and location was 319 compared against chance using a Wilcoxon signed rank test contrasting classification 320 performance with chance accuracy of 0.5 (Carlson et al., 2013; Ritchie et al., 2015) . The main 321 effect of Condition (Vibration, Action Type, Transitivity) was assessed separately at the central 322 and occipital channels using the Friedman test of differences.
323
At the source level, the classifier was trained to discriminate between the two levels of 324 each main condition by using the spatial pattern of source activity. A spatial searchlight approach 325 was used by building a neighbourhood structure using all grid points within a sphere with a 326 radius of 2 cm from each grid point (on average 28.6 neighbours). Classification was then 327 performed at each grid point and its neighbours. Classification accuracies in source space were (Linkenkaer-Hansen and Nikulin, 2004) . Previous studies using fMRI or source localisation also 467 indicate that the mu rhythm can be associated with the activity of the somatosensory cortices 468 (Hari et al., 1998; Cheyne et al., 2003; Ritter et al., 2009; Arnstein et al., 2011) and is responsive 469 to the observation of tactile stimulation (Muthukumaraswamy and Johnson, 2004; Coll et al., 470 2015) . In line with this previous research, we found above-chance crossmodal classification 471 accuracy when the classifier was used to discriminate between the presence or absence of tactile 472 stimulation in the self or in the other in central channels, and this accuracy was significantly 473 higher than for classification of action types. The source analyses performed in the current 474 experiment did not reveal any significantly above-chance crossmodal classification at the source 475 level. This should be interpreted with caution given that the relatively sparse EEG montage used 476 and the lack of individual anatomical information make these statistical analyses highly 477 conservative. The visualisation of crossmodal classification accuracy at the source level 478 nevertheless suggests that crossmodal classification of the mu rhythm response to tactile 479 stimulation and transitivity was driven by fronto-parietal sources including somatosensory areas.
480
The unimodal classification results obtained in the current study suggest that the 481 unimodal mu rhythm response shows little specificity. Indeed, classifiers trained and tested on 482 trials of the same modality showed widespread above-chance classification at both channel and 483 source levels. Indirect evidence for the lack of spatial and functional specificity of the mu rhythm 484 response is also present in a recent meta-analysis of mu rhythm suppression studies. Fox and 485 collaborators analysed 85 studies and found that, across these studies, mu rhythm suppression 486 did not show many of the properties of MN activity, such as preference for object-directed 487 movement or biological motion. In addition, the effect size of alpha suppression compared to was at chance level in all conditions. The current results therefore suggest that beta rhythm 513 suppression during action observation and action execution does not show crossmodal action 514 specificity.
515
Limitations to this study need to be acknowledged. First, it should be noted that the 516 crossmodal classification approach used in the current study could be quite conservative, and that 517 it might therefore lack the sensitivity to detect central crossmodal mu rhythm responses to the 518 motor features of the observed actions. It should also be noted that EEG activity represents a 519 superposition of the activity of large neuronal populations and channel level analyses might lack 520 the spatial specificity to demonstrate crossmodal classification of weaker effects. Therefore, even 521 though crossmodal classification at the central channels was clearly higher for sensory features 522 of actions, the absence of crossmodal classification for action types cannot be interpreted as the 523 absence of crossmodal specificity for observed and executed actions in the mu rhythm response.
524
In conclusion, we have shown that the central alpha mu rhythm shows crossmodal 525 specificity primarily for the observation and receipt of a tactile stimulation and that multivariate 526 pattern classification is more sensitive to subtle differences between conditions than univariate 527 analyses. This is to our knowledge the first study to use multivariate pattern classification to 528 assess the crossmodal specificity of EEG responses. Combined with other sources of evidence, 529 they question the appropriateness of mu rhythm suppression as a measure of MN activity and 530 suggest that multivariate crossmodal analyses are needed to adequately study this relationship in 531 the future. This study, and others, support the idea that a new framework is needed to explain the 532 significance of the central mu rhythm for social perception in health and in disease, and that the 533 search for this new framework should be directed away from a simplistic matching between mu rhythm suppression and MN activity and employ methodologies that are able to take into account 535 the multivariate nature of EEG data. 
